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Xenopus oocytesThe transmembrane domains (TMDs) of dengue virus type-1 M protein (DENV-1M) were reported to form
cation-selective channels in artiﬁcial lipid bilayers. We further explored this observation using the two-
electrode voltage clamp (TEVC) method on the Xenopus laevis oocytes expressing DENV PrM and M proteins.
Using myc epitope taggedM proteins, Mwas ﬁrst shown to adopt its predicted native topology in mammalian
cells when expressed on its own. The recombinant proteins were then successfully expressed on the surface of
Xenopus oocytes. Using inﬂuenza A M2 (Inf A/M2) protein as a control, we measured the conductance of
oocytes expressing DENV proteins under hyperpolarized or low-pH conditions. Inf A/M2 showed pH-
dependent, amantadine-sensitive channel activity that was consistent with previously published reports.
However, no activity was detected for DENV proteins. We conclude that DENV PrM and M proteins do not
show pH-activated ion channel activity.of Surgery, The Basil Hertzog
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Dengue virus (DENV) is classiﬁed in the family Flaviviridae, of the
genus Flavivirus. It is a mosquito-borne virus that causes a wide-range
of clinical symptoms in human infections, ranging from mild febrile
episodes (classical Dengue Fever, DF) to potentially fatal hemorrhagic
fever (Dengue Hemorrhagic Fever, DHF). The four serotypes of DENV,
designated as DENV-1, -2, -3 and -4 are all able to infect humans.
Sequence homology between the four serotypes ranges from 60% to
90%, with DENV-4 being the most divergent. Since the four serotypes
elicit cross-reactive but non-protective antibodies in humans, anti-
body-dependent enhanced (ADE) infection is reported to be a risk
factor for DHF. In recent years, the incidence of dengue has increased
globally and reached a wider geographical spread due to rapid
urbanization and increased air-travel, while in many dengue-endemic
countries, it continues to be a serious public health burden (reviewed
in Gubler, 2002). There is currently no approved antiviral or vaccine to
treat or prevent infection, thus placing an urgent emphasis on the
development of an effective antiviral.The discovery of virus-encoded ion channels has provided a novel
target in antiviral development. The prototype viral ion channel is
the well-characterized inﬂuenza AM2 protein (Inf A/M2). M2 acts as
a proton pump during the inﬂuenza virus lifecycle. During virus
uncoating in acidic endosomes, M2 acts to acidify the interior of the
virion to allow dissociation and release of the ribonucleoprotein into
the cytoplasm. In certain inﬂuenza strains, M2 also functions during
assembly and egress. It equilibrates the low pH environment of the
trans Golgi network (TGN) with that of the cytoplasm so that the
hemagglutinin (HA) protein will not undergo low-pH induced
premature conformational change (reviewed in Pinto and Lamb,
2006). Amantadine, the antiviral drug used in inﬂuenza A treatment,
was shown to target M2. It interacts with the hydrophobic residues
within the M2 transmembrane domains (TMDs) that form the pore
of the channel to inhibit its function (Jing et al., 2008; Wang et al.,
1993). Additional evidence supports this amantadine block: aman-
tadine-resistant viruses showed mutations in the TMDs of M2 that
abrogated amantadine inhibition of M2 ion channel activity in
functional assays (Wang et al., 1993). Extensive structural and bio-
chemical data that further elucidated the M2 ion channel mecha-
nism have been reported (Holsinger et al., 1994; Mould et al., 2000;
Pinto et al., 1997; Sakaguchi et al., 1997; Tang et al., 2002; Tian et al.,
2002; Venkataraman et al., 2005).
The TMDs of dengue virus type-1 M (DENV M) protein were
reported to show cation-selective channel activity in planar lipid
bilayers (Venkataraman et al., 2005). As with M2, this activity
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hexamethylene amiloride. DENV M is a small, approximately
10 kDa protein found in the mature virus particle. Based on cryo-
EM visualization of DENV particles, M is believed to be mostly
buried under the envelope protein, E, on the virus surface (Zhang et
al., 2003). Its function in the DENV lifecycle is not clear. In infected
cells, M is synthesized as a larger precursor, PrM, of approximately
19 kDa. Upon synthesis, PrM associates with E to form a hetero-
dimeric PrM–E complex. This complex, along with the capsid and
viral RNA, then assembles into immature virus particles at virus-
induced membranous structures. The maturation process is deﬁned
by the cleavage of PrM by furin, or furin-like enzymes at the TGN to
yield Pr and M. PrM cleavage results in mature, infectious particles,
containing only M and E protein (Lindenbach et al., 2007). Similar to
inﬂuenza HA, DENV E is also a pH-sensitive protein, which adopts a
fusion-competent conformation in a low-pH environment. Thus, the
concept of a dengue virus-encoded ion channel, analogous to Inf A/
M2 protein, was proposed (Premkumar et al., 2005) as a virus
countermeasure to prevent premature conformational change in E
within the acidic environment of the TGN.
In the present study, we investigated the putative ion channel
activity of the DENV PrM and M proteins in the Xenopus laevis oocyte
expression system using the two-electrode voltage clamp (TEVC)
method. This model system is routinely used in biological and
pharmacological research to study the function of foreign proteins
such as receptors, transporters and ion channels in a physiological
environment. Xenopus oocytes are able to efﬁciently translate and
transcribe injected cRNA or cDNA, then process and deliver these
foreign proteins to the appropriate intracellular compartment (for
review, see Sigel, 1990; Sigel and Minier, 2005). The ease with which
electrophysiological methods can be applied to the large oocytes,
coupled with the low endogenous electrical activity, makes the
Xenopus oocyte system suitable for ion channel studies. Indeed, most
viral ion channel activities were established with this system,
including the seminal work with inﬂuenza M2 (Lu et al., 2006; Pinto
et al., 1992; Schubert et al., 1996). Prior to the ion channel assay, we
ﬁrst determined the topology of DENV M when expressed from
plasmid constructs in mammalian cells to ensure that the recombi-
nant proteins were folding correctly.
Results
DENV-2 M adopts a double-membrane spanning topology
In order to determine the structure adopted by M when expressed
as a sole protein, we made several strategically myc epitope tagged M
fusion proteins and examined the accessibility of the myc epitope by
immunoﬂuorescence (IF). The myc epitope is regularly used to
construct tagged chimeric proteins and was also used successfully
to study the intracellular topology of the hepatitis C virus p7 protein
(Carrere-Kremer et al., 2002). Initial sequence analysis using the
DENV-2 reference sequence (GenBank accession NP_056776),
obtained from several protein structure prediction programs
HMMTOP (G.E Tusnády and Simon, 1998; G.E Tusnády and Simon,
2001), TMHMM Server v2.0 (A. Krogh et al., 2001) and SPLIT4 (Juretic
et al., 2002), predicted that the M protein consists of at least two
helices in the two transmembrane domains at the C-terminus (bold
italicized fonts in Fig. 1A). Based on this predicted secondary structure
for the protein, the myc epitope was tagged to the N- (Nmyc) and C-
(Cmyc) termini of the M coding sequence, and within the polar, linker
region of M (Cytomyc) (Fig. 1A). All recombinant proteins were
successfully detected by Western blot at their predicted molecular
weight of ~10 kDa in 293 T cell lysates (Fig. 1B).
To examine epitope accessibility by IF, cells were either permea-
bilized or not with Triton X-100, a non-ionic detergent. If the myc
epitope was oriented towards the extracellular environment (acces-sible epitope), ﬂuorescence signal would be detected in non-Triton-
treated cells, whereas if the myc epitope is oriented intracellularly,
ﬂuorescence would only be detected if the cells were permeabilized.
In the Triton-X-100 treated cells, positive ﬂuorescence was detected
for Nmyc, Cytomyc and Cmyc (Fig. 1C), whereas in the non-Triton-
treated (non-permeabilized) cells, ﬂuorescence was only detected in
the Nmyc-and Cmyc-positive cells. This suggests that the N- and Cmyc
epitopes were accessible from the extracellular environment. The
absence of ﬂuorescence in the non-permeabilized cells expressing
Cytomyc suggests that the myc epitope inserted within the predicted
cytoplasmic loop was not accessible and thus located in the cytosolic
compartment. To conﬁrm our observations, we performed immunos-
taining on live, unﬁxed, non-permeabilized cells. Positive ﬂuores-
cence was detected in cells expressing Nmyc and Cmyc but not
Cytomyc. The ﬂuorescence detected on the surface of N- and Cmyc
transfected cells was punctate, suggesting a clustering of protein on
the cell surface. The accessibility of the extra- and intracellular com-
partments by Triton treatment was veriﬁed by staining for a known
surface and an intracellular protein in Triton-treated and non-treated
cells (Supplementary Fig. 1). As Fig. 1c shows images of single cells, an
additional supplementary ﬁgure (Supplementary Fig. 2) is also
included to illustrate the general nature of the staining pattern.
These data are consistent with results from the above experiments
and show that when expressed in isolation, M is able to adopt its
predicted double-membrane spanning topology, with the N- and C-
termini orientated to the extracellular environment. Furthermore, M
protein was detectable on the plasma membrane.
Expression of DENV PrM, M and Inf A/M2 proteins in oocytes
Since the recombinant myc-tagged M protein adopted its
predicted native structure when expressed on its own, we then
examined its putative ion channel activity when expressed in Xenopus
oocytes. To eliminate the possibility that the myc epitope tag might
disrupt function, an untagged DENV-2 M protein, designated as Msp,
was also constructed. Expression of this protein could only be veriﬁed
in Western blots using our in-house polyclonal anti-M sera, raised
against the DENV-2 M peptide since these sera gave a high
background in IF assays. In addition, a construct encoding full-length
DENV-2 PrM, fused with themyc epitope at the C-terminus (PrMmyc)
was also synthesized to include the possibility that the pr peptidemay
be essential for ion channel function. To exclude the possibility of
strain variation, we also included a construct encoding a N-terminal
myc-tagged M protein derived from DENV-1, since this was the strain
reported to have channel activity (Premkumar et al, 2005). Inf A/M2
was included as positive control. The recombinant proteins used for
subsequent ion channel assays are represented in Fig. 2A.
To express the recombinant proteins, in vitro synthesized, poly-
adenylated cRNA transcripts were injected into oocytes. At 48 h post-
injection, the oocytes were lysed in RIPA buffer and yolk-free lysate
was collected for Western blot analysis. As shown in Fig. 2B, D1Nmyc,
D2Nmyc and D2PrMmyc were detected successfully with an electro-
phoretic mobility of~10, 10 and 23 kDa, respectively, close to the
predictedmolecular weights. Multiple higher molecular weight bands
were detected at approximately 20 and 30 kDa, possibly indicative of
higher oligomeric species. This is consistent with our ﬁndings that the
DENV-2 M protein is able to oligomerize into dimers and possibly
tetramers (Wong et al., manuscript in preparation). D2Msp was
detected at approximately 10 kDawith the anti-M sera while Inf A/M2
was detected at its predicted size of ~15 kDa with the M-speciﬁc
monoclonal antibody, 14 C2.
We also performed IF on cRNA injected, ﬁxed whole oocytes to
detect surface expression of the respective proteins. Surface expres-
sion of protein is an essential feature of the TEVC assay as intracellular
expression of the recombinant proteins may not result in detectable
electrical changes. All the recombinant proteins were detected on the
Fig. 1. Topology of DENV-2M protein. (A) Sequence of DENV-2M protein with predicted transmembrane domains (in bold italicized fonts) and the schematic representation of the
myc epitope taggedM proteins used for the subsequent topology study. (B) Detection of Nmyc, Cmyc, and Cytomyc byWestern blot in transfected 293 T cell lysates. Cell lysates were
collected at 48 h post-transfection and processed as described in the Materials and methods section. (C) Determination of the topology of M by epitope accessibility assay. 293 T cells
were transfected with a plasmid encoding M fused with the myc epitope at the N- (Nmyc), C- (Cmyc) terminus or within the cytosolic loop (Cytomyc). Cells were ﬁxed at 48 h post-
transfection and treated with Triton X-100 or not for subsequent immunoﬂuorescence staining. Unﬁxed transfected cells were also stained to determine surface expression of these
proteins. The myc-tagged DENV proteins were detected with Alexa Fluor488 (green) while the cell nuclei were stained with propidium iodide (red). Scale bar represents 10 μm.
Fig. 2. Expression of the recombinant D1Nmyc, D2PrMmyc, D2Nmyc, D2Msp and Inf A/
M2 proteins in Xenopus oocytes. (A) Schematic representation of the constructs used.
(B) Detection of the recombinant proteins byWestern blot in lysates of oocytes injected
with the appropriate cRNA. The samples were harvested 48 to 72 h post-injection. The
arrowheads indicate bands of the expected size.
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halo of ﬂuorescence corresponding to the perimeter of the cells
(Fig. 3A to D). To eliminate the possibility of non-speciﬁc signals, we
included a control where we incubated Inf A/M2 injected oocytes with
PBS during the primary antibody step. No ﬂuorescence signal was
detected either on cells stained in this way or on water-injected cells
(Fig. 3E and F).
Conductance of Inf A/M2 protein
To establish the assay conditions, the Inf A/M2 protein was used as
a control. M2 is a proton pump that is activated by low pH. As
described in the Materials and methods section, we used bathing
medium at different pH values (pH 7.4, 6.1 and 5.5) to activate the
channel (Pinto et al., 1992). An additional advantage using buffers at
pH 6.1 and 5.5 is that these pH values are physiologically close to the
pH of the post-Golgi secretory network (Demereaux, 2002). At 24 to
72 h post-injection, the current from cRNA-injected oocytes was
recorded while sequentially bathed in different pH buffers.
At pH 7.4, the conductance in the M2-positive cells was not
signiﬁcantly different to the control cells (pN0.05) (Table 1).
However, when low pH bathing medium was applied, a signiﬁcantly
larger conductance was detected (pb0.0001) (Fig. 4 and Table 1). At
pH 6.1 and pH 5.5, M2 induced mean inward currents of 333.38±
98.84 nA and 402.06±85.80 nA, respectively, while control cells
Fig. 3. Cell surface expression of Inf A/M2 and DENV proteins on the Xenopus oocytes.
Oocytes were injected with the following in vitro transcribed cRNA: (A) Inf A/M2,
(B) D2PrMmyc, (C) D1Nmyc, (D) D2Nmyc, (E) water, and stained as described in the
Materials and methods section. Panel F represents Inf A/M2 injected oocytes that was
incubated with PBS during the primary antibody step to control for non-speciﬁc
ﬂuorescence.
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is a well-known inhibitor of the M2 channel activity. The addition of
100 μM of amantadine to the pH 6.1 medium reduced the conduc-
tance in M2-expressing oocytes to 88.00±27.56 nA, indicating that
amantadine inhibited M2 channel activity as described (Pinto et al.,
1992). This inhibition was irreversible as substitution with amanta-
dine-free low pH medium failed to induce any detectable inward
current (Fig. 4C). The slightly higher baseline conductance observed in
the presence of amantadine for M2 was probably due to a
combination of residual activity of M2 and the activation of
endogenous channels prior to inhibition.
Next, we then established the current–voltage (I–V) relationship
for M2 and water-injected cells. The oocytes were held at resting
potential (−40 mV) and a hyperpolarizing voltage from−130 mV to
10 mV then applied in 10 mV increments. Hyperpolarization of the
cell membrane will increase the cell membrane potential, meaning
that any conducted current will be ampliﬁed. No difference was
detected in the I–V proﬁles for water-injected and M2-injectedTable 1
Effect of pH on Inf A/M2 channel conductance.
Treatment Control M2
Inward current (nA) Na Inward current (nA) Na
pH7.4 7.00±4.83 5 18.38±12.84b 5
pH6.1 19.75±1.30 5 333.38±98.84c 5
pH5.5 22.19±8.48 5 402.06±85.80c 5
pH6.1+amantadine 21.75±7.29 5 88.00±27.56c 5
a N denotes the number of oocytes tested.
b ns Denotes no statistical signiﬁcance detected with t-test.
c Denotes statistical signiﬁcance with p valueb0.0001oocytes at pH 7.4 (Fig. 5A and B). In contrast, when the pH was
lowered to pH 6.1 and 5.5, larger currents were recorded in M2-
expressing oocytes, reaching a magnitude of 1.108±0.072 μA and
1.219±0.066 μA, respectively, when the oocyte was hyperpolarized
to −130 mV (Fig. 5B). The control cells recorded currents of 0.307±
0.007 μA and 0.295±0.009 μA for pH 6.1 and pH 5.5, respectively
(Fig. 5A). This represents an approximate 4-fold increase in
conductance in M2-expressing oocytes over the control cells, at the
same voltage. When 100 μM amantadine was added to the pH 6.1
buffer, the I–V curvewas similar to the I–V curve for pH 7.4 andwater-
injected oocytes, demonstrating that amantadine blocked the channel
activity (Fig. 5C).
To eliminate background signal, currents due to endogenous
channel activity (as recorded for water-injected oocytes) were
subtracted from the M2-recorded current (Fig. 5D). At pH 7.4, there
was no net difference in current between M2 and control oocytes at
the different voltages. However, when the channel was activated by
low pH, the conducted current increased in magnitude as the voltage
became more negative but reached a plateau of approximately 0.1 μA
to 0.2 μA as the voltage became more positive (Fig. 5D). This is
characteristic of an inward-rectifying channel. When amantadine was
added to the bathing medium, no net difference in current was
detected, the net I–V proﬁle was similar to that at pH 7.4, indicating
that the channel was inactive.
Conductance of DENV PrM and M proteins
Having successfully established the assay conditions and demon-
strated ion channel activity of the Inf A/M2 protein, we then examined
ion channel activity associatedwith the DENV PrM andM proteins in a
similar manner.
The cRNA was diluted in nuclease-free water to the concentration
range of 5 to 75 ng and injected in an equal volume. Channel activity
was assayed from day 1 to day 5 post-injection. However, cells
injected with high concentrations of cRNA (~ 50 to 75 ng) failed to
survive beyond day 3 and ion channel activity was measured prior to
this in these cells.
The representative mean inward currents measured from
oocytes injected with DENV cRNA or water are shown in Table 2.
We did not detect any signiﬁcant difference in conductance be-
tween the different DENV cRNA and water-injected cells, even when
the cells were incubated in low pH medium. In the current–voltage
relationship, DENV cRNA injected oocytes displayed a similar curve
proﬁle to the water-injected oocytes under the different conditions
tested (Fig. 6). We conclude that DENV PrM and M proteins do not
possess pH-activated ion channel activity in the Xenopus oocytes
system.
Discussion
When this study commenced, little was known about the func-
tional signiﬁcance of the DENV M. The putative ion channel function
reported by Premkumar et al. (2005) represented the ﬁrst non-
structure-related function for M in the virus lifecycle, leading them to
propose that DENV M was functionally analogous to inﬂuenza A M2
in forming ion channels. Results from this current study, however,
provided empirical evidence to disprove this suggestion.
The failure to detect channel activity was not due to the lack of
protein expression or protein misfolding, since the myc epitope
tagged M protein was shown to adopt the predicted double-mem-
brane spanning topology. Similarly, since PrM was able to achieve
proper folding without co-expression of other viral proteins (Lorenz
et al., 2002) and expression of full-length PrMmyc did not result in
furin cleavage, it was expected that PrMmyc would also adopt its
native conformation when expressed in oocytes. Therefore, all the
exogenous proteins were expressed correctly and detectable on the
Fig. 4. Conductance trace of Inf A/M2 (left) and water-injected oocytes (right). Conductance was measured when in bathing medium of (A) pH 6.1, (B) pH 5.5 and (C) pH 6.1
containing 100 μM amantadine.
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assay. The myc epitope tag is also unlikely to have affected function,
since the epitope is located at the N-terminal and is at least 40 amino
acid residues away from the TMDs. Considering that the TMDs alone
were sufﬁcient to show channel activity previously (Premkumar et al,
2005), tagging the N-terminal seemed to pose minimal risk of
disrupting channel activity. A His-tagged p7 protein from HCV also
retained its ability to oligomerize and showed channel activity in a
planar lipid bilayer assay (Grifﬁn et al., 2003), indicating that the
strategic addition of a reporter tag need not affect the properties of the
channel. Furthermore, the untagged M protein (Msp) also showed no
activity, although the surface expression of this protein was unable to
be veriﬁed due to the lack of an appropriate antibody for IF.
We also performed extensive optimization of the experimental
conditions to ensure that the lack of activity observed for the DENV
proteinswasnot due to poor technical or experimental design. Different
amounts of in vitro transcribedDENVcRNAranging from5 to75 ngwere
injected into the Xenopus oocytes to determine that required for
optimal protein expression. Channel activity was then assayed from
day 1 to day 5 post-injection for all the different concentrations tested.Fig. 5. Current–voltage (I–V) relationship for Inf A/M2. I–Vmeasured for (A) water and (B)M
amantadine. (C) I–V relationship for water andM2-injected oocytes in pH 6.1mediumwith a
(water-injected) was subtracted.However, since cells injected with high concentrations of cRNA (~50 to
75 ng) usually failed to survive beyond day 3, different incubation
temperatures and media were also tested to prolong the survival of the
oocytes. Despite these optimization efforts, no ion channel activity was
detected. This is in contrast to that of Inf A/M2, where channel activity
was easily detected using as little as 5 ng of injected cRNA and within
24 h of injection.
Findings from the present study contradict the report by
Premkumar et al. (2005), but channel assays with planar lipid bilayers
are not without caveats. The conductance proﬁle (the occurrence of a
high and low conductance state) and ionic selectivity reported by
Premkumar et al. is similar to that formed by non-channel peptides in
lipid bilayers (Tosteson et al., 1988). Interestingly, these non-channel
peptides were signal peptides and induced variable conductance due
to their non-speciﬁc aggregation states within the lipid bilayer. The
Premkumar study (2005) focused on the 2 TMDs of DENV-1, which is
also a signal peptide for the downstream NS-1 protein (Lindenbach
et al., 2007) and consequently, it is likely that the channel activity
observed by Premkumar et al. (2005) could be due to the non-speciﬁc
interactions as described by Tosteson et al (1988).2-injected oocytes in bathingmedia of pH 7.4, 6.1 and 5.5 and pH 6.1, containing 100 μM
ndwithout 100 μMamantadine. (D) I–V relationship forM2when baseline conductance
Table 2
Effect of pH on DENV protein conductance.
Treatment Control D2PrmMyc D1Nmyc D2Nmyc D2Msp
Inward current (nA) Na Inward current (nA) Na Inward current (nA) Na Inward current (nA) Na Inward current (nA) Na
pH7.4 5.55±3.37 11 10.71±13.67 7 6.63±2.02 5 3.97±1.69 10 5±3.53 5
pH6.1 18.85±5.58 11 22.86±14.68 7 17.94±9.95 5 15.38±4.95 10 12±8.36 5
pH5.5 27.22±15.16 11 39.29±25.57 7 19.38±16.93 5 17.16±6.96 10 35±39.21 5
a N denotes the number of oocytes tested.
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raises the question of how the virus bypasses the low pH
environment of the TGN. Rossman and co-workers recently provided
structural evidence to support the “chaperone” function of the pr
peptide (Li et al., 2008; Yu et al., 2009; Yu et al., 2008). Structural
examination of the pr peptide complexed with E under various pH
conditions showed that the E fusion peptide is buried within the
β-loops of pr and therefore physically prevented from accessing
membranes. Furthermore, the accessibility of the pr/M cleavage site
to furin and the subsequent dissociation of the pr moiety from the
virus particle were shown to be pH-dependent events (Yu et al.,
2009). Based on these observations, it was proposed that low pH is
necessary during virus exit from the TGN network and that the pr
moiety contributes to preventing E from adopting its fusogenic form.
Since the present study found no evidence of ion channel activity,
the “chaperone” model proposed by Yu et al. (2008) seems the more
appropriate to describe the exit mechanism of the virus. Although M
demonstrates characteristics analogous to viroporins, it is likely that
the reported ion channel activity was due to the hydrophobic and
membrane-permeabilizing nature of the protein (Brabant et al.,
2009), rather than any channel-forming property.Materials and methods
Plasmid constructs and in vitro transcription
The DENV-2 PrM and M genomic sequences were ampliﬁed from
plasmid pSVprM-E (a gift from Peter Wright, Monash University,
Gualano et al., 1998) containing the structural gene regions (prM to E)Fig. 6. Current–voltage (I–V) relationship for DENV proteins. I–Vmeasured for (A) water, (B)
of pH 7.4, 6.1, and 5.5.of the New Guinea C strain. The DENV-1M gene sequence was
ampliﬁed from plasmid pVaxD1prME, containing the DENV-1 prM to
E gene regions (a gift from John Aaskov, Queensland University of
Technology).
To examine the topology of M, the myc epitope (EQKLISEEDL)
was tagged to the N- or C-terminus or within the cytoplasmic loop
(between the two TMDs) of the DENV-2 M protein. The constructs
were designated as Nmyc, Cmyc and Cytomyc, respectively. A short
sequence of 3 glycine residues was inserted either downstream or
upstream, respectively, between the myc epitope and the DENV
protein sequence to create a ﬂexible hinge. Additionally, for sub-
sequent ion channel assays, plasmid constructs encoding untagged
DENV-2 M (D2Msp), N-terminus myc-tagged DENV-1M (D1Nmyc)
and C-terminus myc-tagged DENV-2 PrM (PrMmyc) were con-
structed. All constructs were preceded by the signal sequence
(residues 95 to 114 of the capsid protein), required for transloca-
tion of M to the endoplasmic reticulum and followed by the ﬁrst 4
amino acids of the prM peptide to preserve the signal sequence
cleavage site. This signal and the cleavage sequence, designated as
sp-Pr* was inserted upstream of either the myc epitope or M as
shown in Fig. 1A. All constructs were conﬁrmed correct by nucleo-
tide sequencing.
To generate a construct encoding the inﬂuenza A M2 gene, the M2
gene sequence was ampliﬁed from cDNA synthesized from viral RNA
(Inﬂuenza A/1972/Udorn strain), kindly provided by Lorena Brown,
University of Melbourne. The M2 gene sequence was subsequently
ampliﬁed using M2 sequence-speciﬁc primers. All gene constructs
were cloned into the expression vector, pcDNA3.1 (Invitrogen).
To generate cRNA transcripts, plasmid DNA was linearized with
NotI downstream of the T7 promoter and the gene insert. Capped RNAPrMmyc, (C) D1Nmyc, (D), D2Nmyc, and (E) D2Msp -injected oocytes in bathing media
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and poly-adenylated with a poly-(A) tailing kit (Ambion). RNA was
then puriﬁed with phenol–chloroform and precipitated with sodium
acetate. RNA quantitation was performed by spectrophotometry and
the integrity checked by agarose gel electrophoresis.
Epitope accessibility assay
For topology studies, 293 T cells (seeded overnight at density of
2×105 cells per well) on glass coverslips in a 24-well plate were
transfected with 2 μl of Lipofectamine 2000 (Invitrogen) per 1 μg of
DNA according to the manufacturer's instructions. At 48 h post-
transfection, cells were ﬁxed with 4% paraformaldehyde (in phos-
phate-buffered saline, PBS) for 20 min, then washed three times with
PBS. In some experiments, cells were permeabilized with 0.1% Triton-
X 100 (Sigma) in PBS, washed and blocked for 1 h with PBS containing
3% FCS. After blocking, the cells were sequentially stained for 1 h each
at room temperature with anti-myc MAb (1:200; Invitrogen) and
Alexa Fluor 488 goat anti-mouse antibody (1:1000, Molecular
Probes). The stained cells were visualized with a Bio-Rad MRC1024
confocal microscope. Images were captured with and analyzed with
LaserSharp 2000 software (Bio-Rad). Live cells staining were
performed similarly on ice without the ﬁxing and permeabilizing
steps.
Microinjection and culture of oocytes
Ovarian lobules from Xenopus laevis females (South Africa, housed
in the Department of Veterinary Science, University of Sydney) were
surgically removed and treated with collagenase A (2 mg/ml;
Boehringer Mannheim) at room temperature for 2 h. Defolliculated
oocytes were washed in Oocyte Ringer Buffer 2, (OR2; 82.5 mM NaCl,
2 mM KCl, 1 mM MgCl2, 5 mM HEPES (hemi-Na)) and then stored in
Frog Ringer buffer or ND96 wash solution (96 mM NaCl, 2 mM KCl,
1 mM MgCl2, 1.8 mM CaCl2, 5 mM HEPES (hemi-Na); pH 7.4)
supplemented with 2.5 mM sodium pyruvate and 0.5 mM theopylline
until ready for injection. Selected oocytes (Stages IV and V) were then
injected with 50.6 nl of appropriately diluted cRNA (between 50 and
75 ng) or nuclease- free water using a Nanoliter 2000 pipet (World
Precision Instruments). The oocytes were then cultured in ND96,
supplemented with 50 μg/ml gentamycin at 18 °C.
Protein extraction
Approximately 20 oocytes per sample were used for protein
extraction. Oocytes were washed 3 times in cold OR2 buffer, then
homogenized in 200 μl RIPA buffer (120 mM sodium deoxycholate, 1%
(v/v) Triton-X 100, 0.1% SDS, 15 mM Tris–HCl, pH 7.5) by passing
through a P200 pipette tip at least 20 times, or until completely
homogenized. The homogenate was then centrifuged at 3000×g for
10 min at 4 °C and the supernatant recovered. The ﬂoating layer of
yolk was removed from the supernatant before an additional
centrifugation step at 3000×g for 10 min at 4 °C. The ﬁnal clariﬁed
supernatant was stored at −70 °C until use.
SDS-PAGE and Western blot
Equal volumes of protein samples and Laemmli buffer were loaded
for SDS-PAGE for each experiment. SDS-PAGE was performed on a
discontinuous buffer systemwith 4.5% stacking gel and typically a 12%
or 15% resolving gel. To achieve better resolution for small proteins
(~10 kDa), a 15% resolving gel was used. Proteins were subsequently
transferred onto a PVDF membrane using a Trans-Blot Semi-Dry
Transfer apparatus (Bio-Rad) at 15 V for 45 mins. To performWestern
blotting, the membrane was blocked for at least 2 h in blocking buffer
(5% skim milk diluted in PBS, added with 0.05% Tween-20 [PBS-T]).Themyc-tagged proteins were detected with anti-mycwhile Mspwas
detectedwith polyclonal anti-M sera. The polyclonal anti-M sera were
produced by the Institute of Medical and Veterinary Science
(Adelaide, Australia) by immunizing rabbits with a synthetic DENV-
2 M peptide (SVALVPHVGMGLETRTETWMSSEGAWKHAQRIET-
WILRHPGFTIMAAILAYTIGTTHFQRALIFILLTAVAPSMT) (GL Biochem,
Shanghai, China). This peptide sequence is based on the New Guinea
C strain. Reactivity and speciﬁcity of the sera were previously con-
ﬁrmed in our laboratory by Western blot analysis and ELISA. Inf A/M2
was detected with monoclonal antibody 14C2.
The primary antibody incubation step was performed for at least
2 h at room temperature or overnight at 4 °C. This was followed by
detection with the secondary rabbit anti-mouse immunoglobulin
conjugated to horseradish peroxidase (1:10,000, Amersham). All
antibodies were diluted in blocking buffer. The membrane was
washed 3 times for 5 min with PBS-T after each antibody incubation
step. The immunocomplexes were detected by the enhanced
chemiluminescence method using the ECL Western blotting system
from Amersham and visualized on Hyperﬁlm ECL ﬁlms (Amersham).
The ﬁlms were subsequently scanned using a CanoScan LiDE 100
(Canon).
Indirect immunoﬂuorescence microscopy
Injected oocytes were washed 3 times in OR2 buffer and then ﬁxed
in 4% paraformaldehyde for at least 24 h at 4 °C. The ﬁxed oocytes
were washed in PBS then incubated for 1 h in either anti-myc
(Invitrogen) or M2-speciﬁc monoclonal 14C2 (Abcam) antibodies.
The cells were washed 3 times with PBS before incubation with Alexa
Fluor 488 goat anti-mouse antibody for 1 h at room temperature.
Oocytes were washed again before examination with a Zeiss Axiovert
microscope (Carl Zeiss, Inc) and images captured with V++ software
(Digital Optics). Control cells included water-injected oocytes stained
as described, or cRNA-injected oocytes incubated with PBS substitut-
ed in the primary antibody step.
Recordings
After cRNA injection, whole-cell currents were recorded from
oocytes at 24 to 72 h (unless otherwise noted) with a two-electrode
voltage–clamp (TEVC) apparatus. The TEVC set-up was attached to a
Digidata 1200, Geneclamp 500B ampliﬁer and pClamp8 for Windows
(Axon Instruments Inc.), together with a Powerlab/200 power source
(AD Instruments) and Chart version 3.5 program. Voltage was
maintained at −60 mV for pH analysis and −40 mV for current–
voltage (I–V) analysis by recording microelectrodes. The recording
microelectrodes were made using a PUL-100 micropipette puller
(World Precision Instruments) and ﬁlled with 3 M KCl with a
resistance range between 0.2 and 1 mΩ. While recording, oocytes
were initially superfused with ND96 wash for 1 min or until a stable
base current was recorded. Measurements were performed after 2-
min superfusion of the desired low pH buffer, followed by a 2 min
wash in ND96, pH 7.4. To study the effect of amantadine, 100 μM of
the drug was added to ND96, pH 6.1 and superfused for a similar
duration.
The I–V relationship of currents was measured between−130 mV
and 10 mV in 10 mV increments in response to 100 ms voltage steps.
Traces recorded at ND96, pH 7.4 were subtracted from traces recorded
at lower pH, or in the presence of amantadine to correct for leak or
endogenous currents.
Recordings were collected from a number of oocytes from at least
2 different frogs. Data were represented as the mean and standard
error of mean (SEM) unless indicated otherwise. Statistical analyses
with unpaired T-test and graphs were generated using GraphPad
Prism 5.0a.
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